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Abstract Antioxidant activity of carotenoids in multilamellar
liposomes assayed by inhibition of formation of thiobarbituric
acid-reactive substances was in the ranking: lycopenes K-
tocopherols K-carotenes L-cryptoxanthins zeaxanthin =
L-carotenes lutein. Mixtures of carotenoids were more effective
than the single compounds. This synergistic effect was most
pronounced when lycopene or lutein was present. The superior
protection of mixtures may be related to specific positioning of
different carotenoids in membranes.
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1. Introduction
Several lines of evidence indicate that carotenoids and to-
copherols contribute to the bene¢cial health e¡ects associated
with an increased consumption of fruits and vegetables. It has
been suggested that these e¡ects are at least in part related to
their antioxidant activity [1^4]. Carotenoids and K-tocopherol
trap various types of organic radicals. An interaction between
L-carotene and the trichloromethylperoxyl radical was de-
scribed [5], producing the carotenoid radical cation and a
radical adduct [6]. The radical adduct is less stable than the
radical cation and decays to the cation with a rate constant of
1.8U104 s31 [6]. Other free radicals such as nitrogen dioxide,
thiyl, and sulfonyl radicals are also rapidly scavenged by L-
carotene [7]. Carotenoids react with the radical cation ABTSc
derived from ABTS (2,2P-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid)) [8]. This scavenging ability becomes more pro-
nounced with increasing polarity and number of conjugated
double bonds [9].
Carotenoids e⁄ciently inhibit lipid peroxidation at low oxy-
gen tension, and an interaction of L-carotene with the lipid
peroxyl radical leading to the formation of a radical adduct
was postulated [10]. It has been demonstrated that L-carotene
incorporated into liposomes prevents them from being oxi-
dized [11].
The reaction of K-tocopherol with a peroxyl radical leads to
a relatively stable K-tocopheroxyl radical [12] which is less
e¡ective in chain initiation than primary radicals [13]. The
K-tocopheroxyl radical can be reduced to K-tocopherol by
vitamin C, bile pigments or thiols [13^15]. The protective ef-
fect of exogenous K-tocopherol is considerably less than en-
dogenous K-tocopherol in biological membranes due to coop-
erative interaction with other endogenous antioxidants [9,16].
Little is known so far about the antioxidant e⁄ciency and
cooperative interactions of di¡erent carotenoids and mixtures
of carotenoids with vitamin E. The present study was carried
out in a simple model system to compare carotenoids of dif-
ferent chemical structure, K-tocopherol, and their mixtures
regarding their capacity to inhibit lipid peroxidation.
2. Materials and methods
2.1. Chemicals
Carotenoids were a kind gift from Ho¡mann-La Roche (Basel,
Switzerland); purity was s 98% except for zeaxanthin (90%). K-To-
copherol, phosphatidylcholine from egg yolk, 2-thiobarbituric acid
(TBA), and butylated hydroxytoluene (BHT) were obtained from Sig-
ma (Deisenhofen, Germany). 2,2P-Azo-bis(2,4-dimethylvaleronitrile)
(AMVN) was from Wako (Osaka, Japan). All other chemicals were
purchased from Merck (Darmstadt, Germany).
2.2. Mixtures
Table 1 shows the composition of the mixtures examined. Mixture
M1 contains the major carotenoids found in human blood and tissues.
All other mixtures are either modi¢cations of M1 or two-component
mixtures to test for the activity of speci¢c compounds. M6 was used
to investigate the interaction between carotenoid mixture M1 and
K-tocopherol.
2.3. Preparation of liposomes
Carotenoids, K-tocopherol or mixtures were dissolved together with
phosphatidylcholine in chloroform. The solvent was evaporated under
a stream of nitrogen. Multilamellar liposomes containing the respec-
tive compounds were prepared by addition of 100 mM phosphate
bu¡er (pH 7.4) to the lipid ¢lm followed by sonication for 5 min.
The ¢nal concentration of liposomes was 1 mg/ml. Lipid peroxidation
was initiated by 10 mM AMVN dissolved in tetrahydrofuran; ¢nal
concentration of tetrahydrofuran in the suspension was 2%. Reactions
were carried out in the dark at 37‡C for 2 h at constant rate of
thermodecomposition of the azo-initiator at ambient oxygen tension
[17]. There was a loss of carotenoids during the incubation, but no
complete decoloration was observed within the 2 h experimental peri-
od.
2.4. Measurement of thiobarbituric acid-reactive substances (TBARS)
After 2 h of incubation, TBARS were measured following a pub-
lished method [18] with minor modi¢cations. 0.1% BHT was added to
the samples before boiling to prevent formation of further TBA-re-
active products. Malondialdehyde equivalents were calculated using
the extinction coe⁄cient O532 = 1.56U105 M31 cm31. Absorbance at
532 nm was calculated from spectra using the formula:
vA532 = A53231/2(A515 + A550). TBARS formation without addition
of compounds was 2.1 nmol MDA equivalents per mg of phospho-
lipid with 10 mM of AMVN. The presence of carotenoids did not
a¡ect the assay itself as demonstrated by control experiments includ-
ing a reagent blank together with the carotenoids.
FEBS 20200 7-5-98
0014-5793/98/$19.00 ß 1998 Federation of European Biochemical Societies. All rights reserved.
PII S 0 0 1 4 - 5 7 9 3 ( 9 8 ) 0 0 4 3 4 - 7
*Corresponding author. Fax: (49) (211) 811-3029.
E-mail: helmut.sies@uni-duesseldorf.de
FEBS 20200 FEBS Letters 427 (1998) 305^308
2.5. Calculated values
For the mixtures M1^M13 a theoretical additive value was calcu-
lated. The measured TBARS values obtained with the single compo-
nents (see Table 2) were normalized for their molar contribution,
summed up and divided by the total molarity of the mixture:
Calculated value  4 exp: value%Umolarity WM
3 WM
Thus, the ‘calculated value’ for TBARS in Tables 3 and 4 gives the
TBARS level expected for simply additive e¡ects of the components.
A synergistic e¡ect is shown by a positive value in the column ‘di¡er-
ence’, obtained by comparison with the measured value.
3. Results and discussion
The composition of the mixtures and the concentration of
single components in the mixtures are shown in Table 1. The
molarity of each mixture was 3 WM total. Mixture M1 con-
tains the major carotenoids detectable in human serum and
tissues; the concentrations of carotenoids are in the upper
range of the levels found in human plasma.
3.1. Single compounds
The e¡ects of single carotenoids and K-tocopherol on lipid
peroxidation induced by AMVN (10 mM) are summarized in
Table 2. Lycopene was the most e⁄cient carotenoid, dimin-
ishing TBARS formation to about 25% of control; other car-
otenoids such as L-carotene, zeaxanthin or lutein were less
active. Under the present conditions inhibitory e¡ects were
observed in the order: lycopenesK-tocopherolsK-carote-
nes L-cryptoxanthins zeaxanthin =L-carotenes lutein. The
lipid-soluble antioxidant K-tocopherol is among the more ef-
¢cient inhibitors of AMVN-induced lipid peroxidation. In a
similar liposomal system, several carotenoids and K-tocophe-
rol have been used to prevent the formation of phospholipid
hydroperoxides upon incubation with AMVN [19]; there K-
tocopherol was found to be superior to all carotenoids inves-
tigated. In contrast to the present study, a di¡erent ranking of
carotenoids was found with zeaxanthins cryptoxanthins L-
carotenes lycopene. However, the endpoints investigated in
both studies were di¡erent, and the carotenoid levels were
higher (50 WM in [19]) than in the present study (3 WM).
The interaction of carotenoids with the stable radical cation
of ABTSc has been studied to investigate the antioxidant
e¡ects of carotenoids [8,20]. Here also, lycopene was shown
to be the most powerful antioxidant followed by cryptoxan-
thin and L-carotene; zeaxanthin, lutein and K-carotene were
less e⁄cient but still superior to K-tocopherol. Lycopene is
more active than L-carotene in protecting cellular membranes
from damage induced by the nitrogen dioxide radical [21]. No
signi¢cant di¡erences were found in the reaction of L-caro-
tene, zeaxanthin, and lutein with the trichloromethyl peroxyl
radical. Studies on the interaction of carotenoids with nitro-
gen dioxide, thiyl and sulfonyl radicals suggest that the rate of
scavenging as well as the scavenging mechanism strongly de-
pends on the nature of the oxidizing species [22]. Several rad-
ical species including AMVN-derived peroxyl radicals or lipid
peroxyl radicals may be formed under the conditions of the
present study. Thus, scavenging of speci¢c radicals by carote-
noids can not be assigned.
3.2. Mixtures
The data obtained for mixtures of carotenoids are shown in
Tables 3 and 4. M1 contains all the carotenoids tested as
single components at a ¢nal concentration of 3 WM (sum of
all carotenoids). Lipid peroxidation in this mixture was 37%
that of control. Based on the data obtained for the single
components as shown in Table 2 and normalized for their
molar contribution to M1, the theoretical value was calculated
to be 59%. Thus, the expected additive inhibition of lipid
peroxidation was exceeded by 22%, i.e. the mixture was syn-
ergistic with respect to the inhibition of TBARS formation.
When lycopene was omitted from the mixture (M2) and other
carotenoids were increased to yield a ¢nal concentration of 3
WM, the di¡erence between the calculated additive value (68%)
and the measured value (34%) was 34%. Such a synergistic
e¡ect was also observed when lutein was withdrawn from M1
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Table 1
Contribution of single compounds to carotenoid mixtures (WM)
Code Lycopene K-Carotene L-Carotene L-Cryptoxanthin Zeaxanthin Lutein K-Tocopherol
M1 0.66 0.33 0.66 0.33 0.33 0.66 ^
M2 ^ 0.43 0.86 0.43 0.43 0.86 ^
M3 0.86 0.43 0.86 0.43 0.43 ^ ^
M4 ^ 0.60 1.20 0.60 0.60 ^ ^
M5 1.20 0.60 ^ 0.60 0.60 ^ ^
M6 0.07 0.03 0.07 0.03 0.03 0.07 2.70
M7 1.50 ^ 1.50 ^ ^ ^ ^
M8 2.00 1.00 ^ ^ ^ ^ ^
M9 2.00 ^ ^ 1.00 ^ ^ ^
M10 1.50 ^ ^ ^ ^ 1.50 ^
M11 2.00 ^ ^ ^ 1.00 ^ ^
M12 ^ ^ 1.00 ^ ^ 2.00 ^
M13 ^ 1.00 2.00 ^ ^ ^ ^
Final concentration in each mixture is 3 WM.
Table 2
TBARS formation in multilamellar liposomes in the presence of sin-
gle antioxidants (3 WM)
Compound Measured TBARS (%) n
Controla 100 þ 9 35
Lycopene 25 þ 10 17
K-Carotene 51 þ 8 33
L-Carotene 73 þ 9 30
L-Cryptoxanthin 55 þ 8 30
Zeaxanthin 73 þ 9 23
Lutein 77 þ 9 14
K-Tocopherol 43 þ 7 5
Lipid peroxidation was induced by 10 mM AMVN. Data are given as
% of control.
aControl: 100% refers to 2.1 þ 0.2 nmol TBARS/mg phospholipid.
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to yield M3. The additive value in M3 was calculated with
54% while 43% were measured.
When both lycopene and lutein were omitted from the mix-
ture (M4) the inhibitory e¡ect of the carotenoid mixture on
the inhibition of lipid peroxidation was just additive, 58 þ 10%
inhibition vs. 65% calculated. The data demonstrate that lu-
tein and lycopene are responsible for synergistic antioxidant
e¡ects observed with a mixture of carotenoids. This is also
obvious from the data obtained for M5. L-Carotene and the
other carotenoids tested here have only limited synergistic
e¡ects. For the mixture of L-carotene and K-carotene (M13)
an additive value of 66% was calculated which is close to the
measured inhibition of 60%.
Synergism for lycopene and lutein was also found in two-
component mixtures containing one of these compounds to-
gether with only one other carotenoid (M7, M8, M9, M11,
M12). The most e⁄cient mixture used in the present study
consisted of lycopene and lutein (M10). For additive e¡ects,
a value of 51% was calculated which is signi¢cantly di¡erent
from the measured value of 16 þ 8%.
The data obtained in this simple in vitro system show that
combinations of carotenoids are more e¡ective than single
compounds in preventing oxidative damage, i.e. they are syn-
ergistic. These e¡ects might be related to di¡erent physico-
chemical properties and/or the location in the biomembranes.
Xanthophylls such as zeaxanthin or violaxanthin span the
membrane, with the polar endgroups anchored at polar sites
of the membrane [23,24]. L-Carotene and lycopene, lacking
hydrophilic substituents, remain entirely within the inner
part of the membrane and retain a substantial degree of mo-
bility [25]. Therefore, speci¢c orientations of carotenoids
might provide shielding e¡ects that account for synergistic
properties.
Synergistic antioxidant e⁄cacy was also found when M1
was modi¢ed with K-tocopherol. In comparison to the calcu-
lated value of 45% an inhibition of 24 þ 9% was found exper-
imentally (M6). Several studies revealed interactions between
L-carotene and K-tocopherol in preventing radical initiated
reactions [15,26]. These data support the results obtained in
the present study on interactions of carotenoid mixtures and
vitamin E. As in the case of carotenoid mixtures, suppression
of lipid peroxidation by various carotenoids and K-tocopherol
may be in£uenced by the site and the rate of radical produc-
tion [9,16]. Thus a di¡erent compartmentation of the lipo-
philic antioxidants may be important.
References
[1] Krinsky, N.I. (1994) in: Natural Antioxidants in Human Health
and Disease (Frei, B., Ed.), pp. 239^261, Academic Press, New
York.
[2] Sies, H. and Stahl, W. (1995) Am. J. Clin. Nutr. 62, 1315S^
1321S.
[3] Mayne, S.T. (1996) FASEB J. 10, 690^701.
[4] Traber, M.G. and Sies, H. (1996) Annu. Rev. Nutr. 16, 321^347.
[5] Packer, J.E., Mahood, J.S., Mora-Arellano, V.O., Slater, T.F.,
Willson, R.L. and Wolfenden, B.S. (1981) Biochem. Biophys.
Res. Commun. 98, 901^906.
[6] Hill, T.J., Land, E.J., McGarvey, D.J., Schalch, W., Tinkler, J.H.
and Truscott, T.G. (1995) J. Am. Chem. Soc. 117, 8322^8326.
[7] Everett, S.A., Dennis, M.F., Patel, K.B., Maddix, S., Kundu,
S.C. and Wilson, R.L. (1996) J. Biol. Chem. 271, 3988^3994.
[8] Miller, N.J., Sampson, J., Candeias, L.P., Bramley, P.M. and
Rice-Evans, C.A. (1996) FEBS Lett. 384, 240^242.
[9] Tsuchihashi, H., Kigoshi, M., Iwatsuki, M. and Niki, E. (1995)
Arch. Biochem. Biophys. 323, 137^147.
[10] Burton, G.W. and Ingold, K.U. (1984) Science 224, 569^573.
[11] Kennedy, T.A. and Liebler, D.C. (1992) J. Biol. Chem. 267,
4658^4663.
[12] Tappel, A.L. (1968) Geriatrics 23, 97^105.
[13] Niki, E., Saito, T., Kawakami, A. and Kamiya, Y. (1984) J. Biol.
Chem. 259, 4177^4182.
[14] Stocker, R. and Peterhans, E. (1989) Biochim. Biophys. Acta
1002, 238^244.
[15] Motoyama, T., Miki, M., Mino, M., Takahashi, M. and Niki, E.
(1989) Arch. Biochem. Biophys. 270, 655^661.
FEBS 20200 7-5-98
Table 3
TBARS formation in multilamellar liposomes in the presence of antioxidant mixtures (3 WM)
Code Mixture Measured TBARS (%) Calculated TBARS (%)a Di¡erenceb n
M1 Complete carotenoid mixture 37 þ 7 59 22 8
M2 M1 minus lycopene 34 þ 14 68 34 6
M3 M1 minus lutein 43 þ 11 54 11 5
M4 M1 minus lycopene minuslLutein 58 þ 10 65 7 7
M5 M1 minus lutein minus L-carotene 27 þ 18 46 19 5
M6 M1 plus K-tocopherol 24 þ 9 45 21 6
Lipid peroxidation was induced by 10 mM AMVN. Data are given as % of control (see Table 2).
aCalculated from data for single components; see Table 2.
bCalculated minus measured value.
Table 4
TBARS formation in multilamellar liposomes in the presence of two-component carotenoid mixtures (3 WM)
Code Mixture Measured TBARS (%) Calculated TBARS (%)a Di¡erenceb n
M7 Lycopene plus L-carotene 31 þ 10 49 18 5
M8 Lycopene plus K-carotene 21 þ 4 34 13 5
M9 Lycopene plus L-cryptoxanthin 25 þ 8 35 10 3
M10 Lycopene plus lutein 16 þ 8 51 35 4
M11 Lycopene plus zeaxanthin 22 þ 7 41 19 4
M12 Lutein plus L-carotene 44 þ 8 76 32 9
M13 L-Carotene plus K-carotene 60 þ 11 66 6 6
Lipid peroxidation was induced by 10 mM AMVN. Data are given as % of control (see Table 2).
aCalculated from data for single components; see Table 2.
bCalculated minus measured value.
W. Stahl et al./FEBS Letters 427 (1998) 305^308 307
[16] Palozza, P., Moualla, S. and Krinsky, N.I. (1992) Free Radical
Biol. Med. 13, 127^136.
[17] Niki, E., Takahashi, M. and Komuro, E. (1986) Chem. Lett.
1573^1576.
[18] Mihara, M. and Uchiyama, M. (1978) Anal. Biochem. 86, 271^
278.
[19] Woodall, A.A., Britton, G. and Jackson, M.J. (1997) Biochim.
Biophys. Acta 1336, 575^586.
[20] Miller, N.J. and Rice-Evans, C.A. (1997) Free Radical Res. 26,
195^209.
[21] Boºhm, F., Tinkler, J.H. and Truscott, T.G. (1995) Nature Med.
1, 98^99.
[22] Mortensen, A., Skibsted, L.H., Sampson, J., Rice-Evans, C. and
Everett, S.A. (1997) FEBS Lett. 418, 91^97.
[23] Gabrielska, J. and Gruszecki, W.I. (1996) Biochim. Biophys.
Acta 1285, 167^174.
[24] Subczynski, W.K., Markowska, E., Gruszecki, W.I. and Sielewie-
siuk, J. (1992) Biochim. Biophys. Acta 1105, 97^108.
[25] Britton, G. (1995) FASEB J. 9, 1551^1558.
[26] Boºhm, F., Edge, R., Land, E.J., McGarvey, D.J. and Truscott,
T.G. (1997) J. Am. Chem. Soc. 119, 621^622.
FEBS 20200 7-5-98
W. Stahl et al./FEBS Letters 427 (1998) 305^308308
